ABSTRACT: Bronchopulmonary dysplasia (BPD) is a common adverse outcome of prematurity, causing severe morbidity and mortality. The cytokine macrophage migration inhibitory factor (MIF) has been recently shown to favor murine fetal lung development. In this prospective study, we evaluate the expression of MIF in the lung and in the serum of preterm infants (n ϭ 50) and investigate whether the Ϫ173 G/C MIF promoter polymorphism is associated with the risk of BPD (n ϭ 103). MIF was highly expressed in lung tissue from preterm infants. Serum MIF levels were measured by ELISA at d 1 after birth. MIF levels were increased [median (interquartile range), 71.01 (44.9 -162.3) ng/mL], particularly in those infants with 2) ng/mL] compared with healthy adults [2.4 (1.2-5.0) ng/mL], (p Ͻ 0.001). The MIF Ϫ173*C allele, which predisposes to higher MIF production, was associated with a lower incidence of BPD (OR, 0.2; 95% CI, 0.04 -0.93), independently from mechanical ventilation and oxygen exposure (p ϭ 0.03). In conclusion, these data show that MIF expression is increased in lung and serum of preterm infants and suggest that the high producing MIF Ϫ173*C allele may be a protective factor for BPD. (Pediatr Res 69: 142-147, 2011) R DS and bronchopulmonary dysplasia (BPD) are major causes of morbidity and mortality in preterm neonates. RDS is an acute condition that appears in the first hours of life and is caused by the lack of pulmonary surfactant, with progressive atelectasis and respiratory insufficiency. BPD is a chronic condition, which appears later in life and is characterized by an initial inflammatory component, followed by alveolar edema and fibrosis, resulting in impaired development of the immature lung (1,2). Prematurity, RDS, mechanical ventilation, lung disruption, and oxygen (O 2 ) toxicity play a major role in BPD pathogenesis (3). The contribution of inflammation remains controversial (4). Chorioamnionitis and cytokine exposure in utero seem to protect from RDS, suggesting that inflammatory mediators and cytokines may promote lung maturation (5,6). Conversely, there is evidence that a postnatal exaggerated and/or prolonged inflammatory response may amplify lung damage, resulting in tissue autoinjury, structural changes, and ultimately BPD (7). In addition to environmental factors, heritability studies demonstrated that genetic factors also contribute to the susceptibility to BPD (8), and potential candidate genes have been identified (9 -15).
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DS and bronchopulmonary dysplasia (BPD) are major causes of morbidity and mortality in preterm neonates. RDS is an acute condition that appears in the first hours of life and is caused by the lack of pulmonary surfactant, with progressive atelectasis and respiratory insufficiency. BPD is a chronic condition, which appears later in life and is characterized by an initial inflammatory component, followed by alveolar edema and fibrosis, resulting in impaired development of the immature lung (1, 2) . Prematurity, RDS, mechanical ventilation, lung disruption, and oxygen (O 2 ) toxicity play a major role in BPD pathogenesis (3) . The contribution of inflammation remains controversial (4) . Chorioamnionitis and cytokine exposure in utero seem to protect from RDS, suggesting that inflammatory mediators and cytokines may promote lung maturation (5, 6) . Conversely, there is evidence that a postnatal exaggerated and/or prolonged inflammatory response may amplify lung damage, resulting in tissue autoinjury, structural changes, and ultimately BPD (7) . In addition to environmental factors, heritability studies demonstrated that genetic factors also contribute to the susceptibility to BPD (8) , and potential candidate genes have been identified (9 -15) .
Macrophage migration inhibitory factor (MIF) is a proinflammatory cytokine, which plays a critical role in immune and inflammatory responses. MIF induces macrophage production of cytokines and promotes T lymphocytes proliferation (16) . It has been implicated in the pathogenesis of immune and inflammatory diseases, including sepsis, asthma, allergic neuritis, and rheumatoid arthritis (17, 18) . MIF has also been reported to be involved in angiogenesis (19, 20) . In lungs, MIF is expressed in alveolar macrophages, bronchial epithelial cells, and alveolar endothelium (21, 22) .
Animal data suggest a role for MIF in lung maturation. MIFdeficient mice delivered prematurely suffer more respiratory distress and show higher mortality than WT mice (23) . In MIFdeficient mice, genes involved in lung maturation, including VEGF and surfactant proteins, are down-regulated. In vitro, MIF has been shown to increase VEGF and surfactant protein B mRNA expression in the human alveolar type II cell line H441 and to induce proliferation of alveolar epithelial type II cells (24) . Interestingly, recent studies have also shown that MIF is an hypoxia-responsive gene (25, 26) . All together, these observations suggest that in preterm infants MIF plays a positive role in lung maturation, possibly acting as a protective factor for BPD.
The MIF promoter contains a functionally relevant single nucleotide polymorphism (SNP) G3C at position Ϫ173. This polymorphism has been shown to be functionally relevant in vitro, with the C allele associated with higher expression in a T lymphoblastoid cell line, whereas, in contrast, in A549 cells (human lung carcinoma cells), the G polymorphism was associated with higher MIF levels (27) . In vivo data in humans showed that the carriage of the C allele was associated with increased serum levels in healthy controls and increased synovial fluid levels in patients with Juvenile idiopathic arthritis (27) (28) (29) .
In this study, we evaluated the expression of MIF in lungs and measured circulating MIF levels in a cohort of preterm neonates with and without RDS. Moreover, to test the hypothesis that genetic predisposition to higher MIF expression may decrease the probability to develop BPD, we also investigated whether the MIF Ϫ173 SNP was associated with BPD.
METHODS
Patients. Two groups of preterm neonates (GA Ն24 and Յ34 wk), in whom the presence of infections in the first 48 h (vertical infections) was excluded, were included in the study: Group 1. Fifty infants, in whom a serum sample at d 1 of life was available for MIF measurement, were studied for the association of MIF blood levels with RDS. The clinical characteristics of the infants of the group 1 of infants are shown in Table 1 .
Group 2. Hundred and three infants with a diagnosis of RDS, consecutively admitted to our NICU, in whom complete clinical data on respiratory outcomes was obtained and genomic DNA was available, were studied for the association of the MIF genotype with BPD. Infants with congenital cardiac disease, gastroschisis, or diaphragmatic hernia were excluded. Diagnosis of RDS was based on the reported classical clinical signs (grunting, retraction, flaring, need for supplementary O 2 for 48 h, or need for exogenous surfactant therapy) associated with the typical radiological findings (diffuse reticulogranular pattern and air bronchograms). The following data were collected: demographic and clinical characteristics on admission to the NICU, gender, birth weight, GA, antenatal steroids therapy, days on mechanical ventilation, days on O 2 supplementation, maximal inspired O 2 concentration, and presence of patent ductus arteriosus. BPD was defined as the requirement of O 2 supplementation beyond 36 wk of postconceptional age (PCA) and abnormal radiologic findings. Among infants observed, 12 infants died before 36 wk PCA. The main characteristics of the group 2 of infants are shown in Table 2 . The study was approved by the Institutional Review Board of the Ospedale Pediatrico Bambino Gesù , and informed consent was obtained from the parents.
Measurement of serum MIF levels. Serum MIF levels were measured by ELISA with a MAb to MIF for coating (R&D Systems, Minneapolis, MN) and a biotinylated antibody to MIF for detection (R&D Systems) as described (29, 30) .
MIF immunohistochemistry. Immunohistochemical analysis was performed on autoptic specimens of lung tissue from two neonates (GA 26 and 27 wk), who died in the first day of life, and from one asphyxiated fresh still birth neonate (GA 28 wk). Autoptic specimens of healthy lung tissue from a 10-y-old child were used as control. Lung tissue was fixed in neutral buffered formalin and embedded in paraffin. After moist heat-induced antigen retrieval with 1 mM EDTA at pH 9.0, 3 m sections were incubated with a mouse MAb to human MIF (R&D Systems) for 1 h at room temperature or with an irrelevant mouse IgG1. After washing, the presence of MIF was revealed with the Labeled Streptavidin-Biotin2 System (DakoCytomation, Inc., Carpinteria, CA), based on the use of a biotinylated secondary antibody and peroxidaseconjugated streptavidin. The procedure was performed according to the instructions provided by the manufacturer. The 3-3Јdiaminobenzidine was used as a chromogen, and counterstaining was with hematoxylin (DakoCytomation, Inc.).
MIF ؊173 G/C genotyping. Genomic DNA from blood was obtained using QIAmp DNA Mini Kits (Quiagen), according to the manufacturer's specifications. A 365-bp fragment of MIF promoter was amplified using specific primers (forward: ACTAAGAAAGACCCGAGC; reverse GGGGCACGTTGGTGTTTAC; E1) and analyzed by denaturing HPLC (DH-PLC) analysis (Transgenomic, San Jose, CA), using the software WaveMaker 2.0, and by enzymatic digestion with AluI (New England Biolabs), as described (31) .
Statistical analysis. Statistical analyses were performed using the Statistical Package for Social Science (SPSS) and STATA (STATAcorp). Statistical significance was set at p Ͻ 0.05. Quantitative data were expressed as median and interquartile range (IQR). As the number of patients carrying the CC genotype was low, as expected (27) , for genetic analysis, patients were classified in two groups: those carrying at least one MIF Ϫ173*C allele and those carrying the GG genotype. The main outcome of the analysis was the development of BPD. The relative contribution of each variable to the risk of developing BPD was expressed as the OR with 95% CIs. A multivariate logistic regression analysis was also performed including MIF genotypes and clinical and procedural variables significantly associated with BPD at univariate analysis. Probabilities of developing BPD, according to different combinations of covariates, were estimated on the basis of the minimal logistic model.
RESULTS

MIF lung expression and serum levels in preterm infants at d 1 after birth.
Immunohistochemical analysis on lung tissues from one asphyxiated fresh still born infant ( Fig. 1A and B) and from two preterm infants, deceased in the first day of life (Fig. 1C and D) , showed staining for MIF in alveolar macrophages, bronchial epithelial cells, and alveolar endothelial cells. Negligible staining was observed in the normal lung tissue from a 10-y-old child ( Fig. 1E and F) . Serum levels of MIF were measured in a group of preterm infants (group 1, n ϭ 50) at d 1 after birth. Circulating MIF levels at d 1 after birth (median, 71.01 ng/mL; IQR, 44.9 -162.3) were markedly higher (p Ͻ 0.001) compared with levels in adults (median, 2.4 ng/mL; IQR, 1.2-5.0; Fig. 1G . No correlation was found with GA (r 2 ϭ 0.09, not shown). When patients were divided according to the presence or absence of RDS at admission, we found that serum MIF levels at d 1 after birth were significantly higher (p ϭ 0.004) in infants with RDS (median, 110.4 ng/mL; IQR, 59.4 -239.2) compared with those without RDS (median, 51.7 ng/mL; IQR, 37.0 -73.9; Fig. 1H) .
Carriage of the MIF ؊173*C allele is a protective factor for the development of BPD. Animal data suggest a role for MIF in lung maturation. In MIF-deficient mice delivered prematurely, genes involved in lung maturation, including VEGF and surfactant proteins, are down-regulated (23) . Based on these data, it is possible to speculate that increased MIF expression in preterm neonates, particularly in those with RDS, may be part of a positive mechanism activated by hypoxia to promote lung maturation. As previously mentioned, the MIF promoter Ϫ173*C allele is associated with higher MIF expression in vitro and in vivo in humans (27) (28) (29) . Therefore, we evaluated whether the MIF Ϫ173 G/C polymorphism was associated with development of BPD in 103 preterm infants with a diagnosis of RDS on admission (group 2): 12 of them died before 36 wk of PCA and 25 of them developed BPD ( Table 2 ). The genotype distribution and allele frequency in the group of preterm neonates enrolled in our study did not show significant deviation from the HardyWeinberg equilibrium or significant difference from adult controls (Table 3) .Moreover, in this study, the frequency of the C allele in non-Caucasian infants (South American and North African) is the same (4/18, 22.2%) as that in white Caucasian (19/85, 22.4%). The MIF Ϫ173 genotype distribution and alleles frequencies differed significantly between neonates with or without BPD ( Table 3 ). The frequency of carriers of the high producing Ϫ173*C allele was significantly lower in neonates who developed BPD (2 of 25; 8.0%) compared with that of neonates who did not develop BPD (20 of 66; 30.3%; p ϭ 0.04; Table 3 ). This difference remained significant when the composite outcome of BPD or death before 36 wk of PCA was considered (8.1 versus 30.3%; p ϭ 0.04).
In univariate analysis, carriage of the high producing MIF Ϫ173*C allele conferred significant protection from the development of BPD (OR, 0.20; 95% CI, 0.04 -0.93) and, conversely, carriage of the MIF Ϫ173 G/G genotype was associated with higher risk of BPD (OR, 5.0; 95% CI, 1.07-23.2). Similarly, when the outcome BPD or death before 36 wk PCA was considered, the high producing MIF Ϫ173*C allele was significantly associated with a lower risk (OR, 0.20; 95% CI, 0.05-0.74). When known risk factors for BPD were analyzed by univariate analysis, we found that, as expected, development of BPD was associated with gender, GA, infections, maximal inspired O 2 concentration, days on mechanical ventilation, and days on O 2 supplementation (Table 4) . When these variables were included in a multivariate logistic regression analysis, the minimal model included the MIF Ϫ173 C/G and C/C genotypes, the days on O 2 therapy, and the maximal inspired O 2 concentration (r 2 ϭ 0.66; Table 5 ). Similarly, Values are represented as n (%). * Significance of difference between no BPD and BPD groups. when we considered the outcome BPD or death before 36 wk PCA, the minimal model included the same variables and the GA variable (Table 5) . Incidentally, the independent contribution of days on mechanical ventilation and days on O 2 supplementation could not be analyzed because of the collinearity of the two variables. Using the variables included in the model shown in Table 5 , we obtained probability curves for development of BPD as a function of days on O 2 therapy and of maximal FiO 2 Ͼ0.60 or Ͻ0.60 (Fig. 2) . The probability of developing BPD as a function of the number of days on O 2 therapy was markedly lower in preterm neonates carrying the MIF Ϫ173*C allele compared with the carriers of the highrisk MIF Ϫ173 G/G genotype. All together these results show that carriage of the MIF Ϫ173*C allele is significantly associated with a lower risk of BPD in preterm neonates independently from O 2 therapy.
DISCUSSION
Recent data in mice support a major role of MIF in lung maturation (23) . In this study, we translated these findings into humans and report that MIF is highly expressed in lung tissues from preterm infants and that high circulating levels are present in preterm infants on d 1 after birth, particularly in those with RDS. We also found that in preterm infants a variant of the MIF promoter, which predisposes to high MIF protein expression, is associated with a lower risk to develop BPD.
MIF has been found in cord blood (32, 33) . However, to the best of our knowledge, no data are available in blood of term and preterm neonates. We found that circulating MIF was markedly increased (ϳ10 fold) in preterm neonates on d 1 after birth compared with healthy adults. Although no linear correlation was found between MIF levels and GA, median circulating levels of MIF in preterm neonates with GA Ͻ29 wk tended to be higher than those found in neonates with GA Ͼ29 Յ34 wk. However, because no samples were collected from healthy term infants, we cannot make any definitive conclusion whether increased MIF serum concentration is a characteristic limited to preterm neonates.
MIF may have multiple roles in neonates. It favors innate immune response and, for example, up-regulates TLR-4 expression (34); therefore, increased MIF levels may have a role in defense against infections. The above-mentioned data in mice suggest that MIF may also have a role in lung maturation (23) . Although based on a limited number of samples, our observations on tissues suggest that MIF is highly expressed in lungs both before and after breathing. We also found that MIF levels were higher in preterm infants with RDS. Whether Data are shown using as outcome the development of BPD (n ϭ 25) or the composite BPD or death before 36 PCA outcome (n ϭ 37). circulating levels reflect lung concentration remains to be established. However, increased levels in neonates with respiratory insufficiency may represent a generalized response to hypoxia. Indeed, MIF is induced by hypoxia in a hypoxiainducible factor (HIF)-1 dependent manner (25, 26) . Moreover, supporting a positive loop between HIF and MIF, MIF itself is involved in HIF-1alpha protein stabilization and transactivation (35) . HIFs are known to stimulate pulmonary vascular development, at least in part, through the induction of VEGF and VEGF-receptor expression (36) . It is conceivable that MIF is part of a positive mechanism, maybe induced by a hypoxia condition, activated to promote lung maturation. Although exposure of the immature lungs to environmental insults is thought to play a central role in the onset of BPD, heritability studies in monozygotic and dizygotic twins have shown that as much as 53% of the variance in the risk of BPD is accounted for by genetic factors (8) . Genes regulating lung development, the balance between pro-and anti-inflammation, O 2 toxicity, and tissue repair have been studied, and potential candidates have been identified (9) . Given the animal data and our present results, also MIF emerges as a potential candidate. The MIF promoter contains a SNP in position Ϫ173 that is functionally relevant with the C allele associated with higher MIF expression in vitro and in vivo in healthy controls and in patients with juvenile idiopathic arthritis (27) (28) (29) . The frequency of the Ϫ173 G/C and C/C genotypes together in the preterm infants studied (22.3%) was similar to that (26%) of a group (n ϭ 96) of term infants with GA Ͼ37 wk (not shown), suggesting no association of this SNP with preterm birth. Evaluation of the MIF Ϫ173 genotype revealed that carriage of the high producing MIF Ϫ173*C allele conferred a significantly lower risk for the development of BPD. In the multivariate analysis, this decreased risk was independent from other known risk factor for BPD, including duration of O 2 therapy and maximal inspired O 2 concentration. Both in univariate and multivariate analysis, the association with the MIF allele was significant when a composite outcome (BPD or death before 36 wk PCA) was used. Using the variables included in the model shown in Table 5 , the probability of developing BPD in preterm neonates mechanically ventilated for Ͼ10 d with a maximal O 2 inspired concentration Ͼ0.60 was 38% in carriers of the MIF Ϫ173*C allele compared with 94.4% in carriers of the MIF Ϫ173 G/G genotype. It should be noted that, although data in mice and our data demonstrated that MIF is expressed in lung tissue, there are no data showing that the Ϫ173 SNP specifically impacts MIF protein expression in the lungs. In this respect, Kevill et al. (23) showed that, in patients who developed BPD, MIF levels in tracheal aspirates were lower than those of patients who did not develop BPD, further supporting the association between lung MIF expression and BPD.
Some of the studies that reported gene polymorphisms associated with BPD did not evaluate the independency from O 2 exposure (10, 13, 14) , making it rather difficult to evaluate the interaction of the associated polymorphisms with the main environmental causative factor of BPD. Interestingly, a recent report showed that a promoter polymorphism (Ϫ460 T/C) of the VEGF gene was associated with an increased risk of BPD, independently from the duration of O 2 exposure (12) . Given the fact that MIF has been shown to promote angiogenesis (19, 20) and to induce VEGF production in the neonatal mouse lung (23) , and that both genes are HIF-inducible, it is tempting to speculate that polymorphisms of the MIF and VEGF genes may affect the same maturational pathway in neonatal lung. Future studies on larger groups of preterm infants should investigate the interaction between these two genes in determining the susceptibility to BPD. It should also be mentioned that the stratification of MIF Ϫ173 alleles varies significantly in different ethnic groups (37) , and therefore, future studies should also evaluate this association in different ethnicities.
In conclusion, our results in preterm neonates support the role of MIF in lung maturation and in lung repair. Our findings also suggest that, if confirmed by independent genetic investigation and supportive experimental evidence, genotyping for the MIF Ϫ173 polymorphism may prove to be helpful in identifying newborns at high risk for BPD. Possible adjustments in ventilation strategies may be used in these neonates and, in addition, therapeutic insufflations with MIF could be envisaged.
